Inter-cellular communication is an integral part of a complex system that helps in maintaining basic cellular activities. As a result, the malfunctioning of such signaling can lead to many disorders. To understand cell-to-cell signaling, it is essential to study the spatial and temporal nature of the secreted molecules from the cell without disturbing the local environment. Various assays have been developed to study protein secretion, however, these methods are typically based on fluorescent probes which disrupt the relevant signaling pathways. To overcome this limitation, a label-free technique is required.
LSPR Imaging of Anti-c-myc Secretions from 9E10 Hybridoma Cells
Note: The hybridoma cell line used for this study express anti-c-myc antibody constitutively and hence do not require a chemical trigger 1. Functionalize the nanostructures with c-myc peptide. This has a K D value of 1.77 nM for the anti-c-myc antibodies secreted by clone 9E10 hybridoma cells. 2. Culture the hybridoma cells in complete growth medium with 10% fetal bovine serum (FBS) and 1% antibiotic in a T75 flask at 37 °C under 5% CO 2 . Maintain a cell density of 4 ×10 5 cells/ml.
3. For the cell secretion studies, pellet cells from the T75 flask by centrifugation, wash twice with RPMI-1640 serum free media (SFM) to remove the secreted antibodies and adjust the cell density to 4 ×10 6 cells/ml.
4.
Harvest the cells and test for viability before introducing them on to the LSPR chips. 5. Introduce 50 µl of the cell solution manually onto the LSPR chips with a micropipette. After few minutes 25 to 50 cells adhere to the surface of the LSPR chips. 6. Wash away the remaining cells in solution with fresh SFM using the microfluidic perfusion system. 7. Select the LSPR arrays for imaging which are close, within 10 μm, but not overlapping with the cells. 8. To ensure that the signal is specific to the secreted anti-c-myc antibodies introduce the cell culture media with and without the antibodies present as well as with the antibodies but with their binding sites blocked by the presence of a saturating concentration of c-myc peptide in the solution. 9. Calibrate the sensors at the end of each run with a saturating solution of anti-c-myc antibodies (250 nM). This helps in normalizing the response of the sensors and determine fractional occupancy based on the biofunctionalization profile of each run. 10. Correct the drift in the X and Y direction using image alignment software.
Representative Results
In a typical live cell secretion study there are multiple modes of data collection taking place. Figure 3 shows an overlay of an LSPRi image, which highlights the square arrays, and a transmitted light illuminated image which highlights the cell at lower left. Data is typically collected over a 3-hr period followed by the introduction of a saturating solution of the analyte for the normalization calculation described below. Fluorescence imagery can also be integrated into the data collection routine by the automated switching of a filter cube. In Figure 4 a cell stained with the fluorescent membrane dye rhodamine DHPE exhibits lamellipodia-like extensions (arrows). If such extensions were to overlap with the arrays they would give a false-positive for protein secretion. Having multiple modes of imagery can help identify such occurrences.
Figure 5
shows spectrometry data before and after the introduction of a saturating solution (400 nM) of commercially purchased anti-c-myc antibodies to the c-myc functionalized arrays. No cells were present in this experiment. The spectrum displays both a red shift and an increase in intensity. The difference between the areas under the two curves results in an increase in the array image intensity in LSPRi mode on the CCD camera. A non-linear least squares data analysis approach has been developed to infer fractional occupancy of surface bound ligands from the spectra. 30, 31 At the end of the experiment, the saturated intensity values (i.e., fractional occupancy ≈ 1) are used to calculate a normalized response for each array using the following formula:
Where are the normalized intensity at time point t, initial intensity at the start of the experiment, final saturated intensity, and measured intensity of the array at time point t, respectively.
Normalized values from two arrays are shown in Figure 6 . One array was within 10 µm of the cell under investigation while the other, used as a control, was a distance of 130 µm from the cell. The sudden increase in the normalized response of the array closest to the cell relative to the flat response of the control array is indicative of a localized burst of secreted antibodies. 
Discussion
The LSPR imaging technique described in this work has numerous advantages over more traditional methodologies for detecting cell secretions. First, the time resolution of our technique is on the order of seconds whereas the commercial alternative, an immunosandwhich assay known as EliSpot, has a typical time resolution of 2 to 3 days. 7, 32 As a result we were able to resolve sudden changes in the rate of protein secretion, such as that shown in Figure 6 . Second, having arrays distributed over the chip allows for the secreted signal to be tracked in space and time which enables more rigorous comparisons to diffusion-based models of cell secretion. In addition, arrays like the control array shown in Figure  6 can be used to subtract out global changes in the image that typically arise from instrumental factors such as focus drift. Third, our technique requires no modification of the cells. If desired, the experiment can incorporate commonly used tags such as fluorescent proteins, but if there is concern that such tags may negatively affect cell viability or homeostasis the label-free nature of our approach does not require them. Fourth, using the spectroscopic data we have demonstrated that quantitative information regarding the fractional occupancy of surface bound ligands can be calculated.
There are numerous alternative methods to EBL for fabricating metallic nanoparticles. However, we have found that the EBL provides considerable flexibility for optimizing nanostructure and array dimensions to best suit the optics and the cells under investigation. Also critical is the fact that the chips can be readily regenerated by plasma ashing. In this way, a typical chip can be used dozens of times. Biofunctionalization details must be modified for the specific application. The protocol presented here conjugated the surface with relatively small c-myc peptide ligands. Larger ligands such as whole antibodies typically require more spacing and thus a higher SPO to SPN/SPC ratio. Regardless, a well formed SAM layer is essential for preventing non-specific binding in live-cell experiments. In general, larger molecular weight analytes are more readily detected by LSPR. Thus, in its single-cell manifestation, this technique may not be appropriate for detecting the secretion of small proteins, such as cytokines.
The current setup has been used for studying individual non-adherent cells. There are significant number of secreted signaling proteins and vesicles to which the results reported in this work are directly applicable. For example carcinoembryonic antigen (CEA) which for decades now has been a diagnostic marker for cancer. Colon cancer cells are known to secrete CEA at the rates of thousands of molecules/cell/hr and the molecular weight is 180 kDa which exceeds that of IgG antibodies. CEA is believed to be involved in autocrine and paracrine signaling pathways but the spatio-temporal nature of these secretions have never been measured. Our technique can directly address these signaling questions. An extension of this work will be to measure the spatio-temporal nature of CEA secretion from single cells. 33 Future work will also focus on integrating LSPRi with two and three dimensional cell cultures of adherent cells. By incorporating multiplexed arrays capable of detecting a 
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